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Abstract The electrochemical reduction of two lantha-

nides (neodymium Nd and gadolinium Gd) was

investigated in the 800–950 �C temperature range on

nickel and copper electrodes. These materials react with

lanthanides (Ln) to form intermetallic compounds. The

formation mechanism of the alloys was determined by

coupling electrochemical techniques and Scanning Elec-

tron Microscopy (SEM) after electrolyses runs; this also

allowed the identification of the binary compounds formed.

In addition, from the electrochemical results, we calculated

the Gibbs energies of Nd/Ni, Gd/Ni, Gd/Cu and Nd/Cu.

Keywords Fluorides � Neodymium � Gadolinium �
Intermetallic compounds � Electrochemical extraction

1 Introduction

From the early 1990s, the reprocessing of nuclear waste has

became an absolute necessity for nations using nuclear

energy for the production of electricity. In particular,

radiotoxic elements must be processed: the metal fuels (U,

Pu, Th) for recycling and the minor actinides (Am, Np,

etc.), produced by transmutation, for storage.

In the future, the Molten Salts Reactor (MSR), which is

one of the six planned fourth generation nuclear reactors,

where loop reactors are expected, reprocessing is even

more crucial [1] because molten salt solvents must be

recycled with the recovered fuel elements.

With the MSR model studied here, the overall treatment

comprises a first step for recovering actinides and a second

one devoted to the extraction of fission products for stor-

age. In the overall context of finding ways to reprocess

nuclear waste, the present article is concerned with the

second operation and more particularly extracting lantha-

nides (Ln), which represent 25% of the fission products.

The electrodeposition methodology we used for extracting

lanthanides exhibits many advantages, in particular that of

avoiding the addition of any chemicals to the melt to be

purified. The molten salts used for this study were alkaline

fluorides, chosen for their high chemical stability and their

favourable neutronic properties.

Electrodeposition can occur in two different ways based

on two kinds of cathode material:

(i) The cathode material is inert, which means that the Ln

ions lose their charge to yield pure Ln metal at more

cathodic potentials than the Ln equilibrium potential

in the melt, given by the Nernst equation, with the

activity of the Ln(0) phase equal to one. In earlier

work [2, 3], we demonstrated that only incomplete

extraction can be expected. The first reason for this is

that the equilibrium potential of Ln ions is too

negative, i.e. too close to the solvent discharge

potential, to reach the efficiency predicted by thermo-

dynamics. Secondly, electrodeposited Ln metal is

dendritic and falls to the bottom of the bath in the

form of fine particles, difficult to recover.

(ii) The cathode material reacts with the electrodeposited

Ln, the reaction leading to alloys or compounds at the

cathode surface, with an activity of less than one. In
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this case, electrodeposition occurs at more anodic

potentials, called hereafter underpotential electrode-

position (UPD) which should lead to efficiencies of

around 100% after depolarisation of the electrochem-

ical system. Moreover, we observed previously that

when copper or nickel is used as cathode the surface

reaction with Ln is particularly rapid and, in our

working temperature range, gives rise to easy-to-

recover liquid compounds [4]. This enhances the rate

of extraction owing to the renewal of the electrode

surface as the liquid deposit falls off.

Few reports deal with this subject and only in molten

chloride melts.

Nohira et al. [5] studied the formation of Pr–Ni alloys in

a molten LiCl–KCl–PrCl3 system. Yang et al. [6] studied

Gd(III) reduction on a Ni electrode in a NaCl–KCl eutectic

at 730 �C. The authors observed the formation of six

intermetallic compounds and calculated the Gibbs forma-

tion energy for two of them:

DGfðGdNi17=2Þ ¼ �124:5 kJ mol�1 and DGfðGdNi5Þ
¼ �112:5 kJ mol�1:

Kubota et al. [7] observed the formation of different

alloys Co3Gd, Co2Gd and Co7Gd2 by reduction of Gd(III)

in the LiCl–KCl eutectic on a Co electrode at fixed

potential.

The present study investigates the cathodic behaviour of

Ln elements in molten fluorides on copper and nickel

cathodes in the UPD range. This was achieved by identi-

fying the intermetallic compounds Cu/Ln and Ni/Ln and

determining their properties relevant for the extraction

process: activities of Ln in the solid compound, Gibbs

Energy and standard potential of each compound.

2 Experimental

The electrolyte was contained in a glassy carbon crucible

(Carbone Lorraine V25) placed in a cylindrical vessel

made of refractory steel. The inner part of the vessel was

protected against fluoride vapour by a graphite liner. The

cell was placed under argon atmosphere (U grade, less

than 5 ppm O2). A more detailed description of the

device is given in refs [8, 9]. The solvent used in the

electrolytic bath was the eutectic LiF/CaF2 (Merck

99.99%) (79.5/20.5 molar percent), with a melting point

of 762 �C. Before each experiment, the salt mixture was

heated to melting point under vacuum in order to elim-

inate any traces of moisture. NdF3 and GdF3 (Alpha

Aesar 99.99%) were used as solute and were introduced

into the melt in the form of pellets. Wires of Ta, Mo, Ni

(1-mm diameter) (Goodfellow 99.95%) and Cu (1.5-mm

diameter) were used as working electrodes. The auxiliary

electrode was a glassy carbon rod (Carbone Lorraine

V25) with a large surface area (2.5 cm2). The potentials

were referred to a platinum wire (0.5 mm diameter)

immersed in the molten electrolyte, acting as a

quasi-reference electrode Pt/PtOx/O
2- [10]. Cyclic

voltammetry, chronopotentiometry and open-circuit

chronopotentiometry were used for all in situ investiga-

tions. An Autolab PGSTAT30 potentiostat/galvanostat

controlled by a computer using the research software

GPES 4.9 was used. After the electrochemical reduction,

the cathodes were examined by Scanning Electron

Microscopy (LEO 435 VP) with an EDS probe (Oxford

INCA 200).

3 Results and discussion

3.1 Preliminary discussion

It has been shown in previous studies that electrodeposition

on an inert electrode cannot fully extract gadolinium [3] for

recycling of the molten salt in the reactor. This low extrac-

tion yield is due, on the one hand to the insufficient

difference in reduction potential (DELi) between the reduc-

tion of Gd ions and solvent ions (Li?), and on other hand, to

the poor adherence of pure Gd deposit on the cathode.

Similar results and conclusions about Nd behaviour were

previously published by our laboratory [11]. The only way to

obtain an extraction efficiency of close to 100% is to

increase the potential gap DELi by shifting the Ln reduction

potential in a positive direction, usually called underpoten-

tial electrodeposition [12]. The use of a noble metal as a

cathode material can promote its reaction with the deposited

metal leading to the formation of intermetallic compounds.

This so-called depolarisation effect eliminates the cations

from solution without competition with the solvent cations

and so leads to high extraction efficiencies. Furthermore we

observed that the alloy deposited at the cathode surface was

smooth, unlike the pure metal deposit.

The phase diagrams [4] show the existence of the fol-

lowing intermetallic compounds in each system:

– Ni–Nd system: NiNd3, Ni3Nd7, NiNd, Ni2Nd, Ni3Nd,

Ni7Nd2, Ni5Nd.

– Cu–Nd system: CuNd, Cu2Nd, Cu4Nd, Cu5Nd and

Cu6Nd.

– Ni–Gd system: NiGd3, Ni2Gd3, NiGd, Ni2Gd, Ni3Gd,

Ni7Gd2, Ni4Gd, Ni5Gd, Ni17Gd2.

– Cu–Gd system: CuGd, Cu2Gd, Cu9Gd2, Cu5Gd and

Cu6Gd.
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3.2 Study of NdIII and GdIII reduction on reactive

electrodes

3.2.1 Cyclic voltammetry

Cyclic voltammetry was carried out on copper or nickel

electrodes in LiF–CaF2–LnF3 (Ln = Nd, Gd) (0.1 mol

kg-1) systems at 800 �C. The cyclic voltammograms of

Figs. 1 and 2, compare LnIII reduction on copper and nickel

and on an inert tantalum electrode. For both Cu and Ni

electrodes current density was higher at more anodic

potentials than the reduction of LnIII to give pure Ln metal on

the Ta electrode. The currents are attributed to the formation

of Ni/Nd and Cu/Nd alloys:

LnIII þ 3e� þ xM ¼ LnMx ð1Þ

(M = Ni or Cu). With reference to the Nernst law, the

lower activity of Ln in the cathodic product explains that

the reduction of NdIII into Nd intermetallic compound

promotes the shift of the electroreduction potential towards

more anodic values:

ER ¼ EI �
RT

nF
Ln aAlloy

Ln

� �
ð2Þ

EI ¼ E� þ RT

nF
Ln

aSolution
Ln

aMetal
Ln

� �
¼ E� þ RT

nF
Ln aSolution

Ln

� �
ð3Þ

with E� = standard potential of LnIII/Ln and aSolution
Ln ¼

c LnIII
� �

; c being the activity coefficient in the liquid phase;

ER the LnIII reduction potential on a reactive cathode; EI is

the LnIII reduction potential on an inert cathode; R is the

gas constant; T is the temperature in K; n is the number of

exchanged electrons; F is Faraday’s constant; a is the

lanthanide activity in solution, in the alloy or in the pure

metal phase.

The depolarization value, DE, is the difference between

the potential of increasing current (Ei = 0) on the inert

electrode and that on the reactive one.

Comparing the voltammograms in Figs. 1 and 2, DE

was estimated on nickel and copper electrodes for each

lanthanide, and the results are reported in Table 1. The way

DE was determined is shown in Fig. 1.

3.2.2 Use of the cyclic voltammogram data for

predicting the extraction efficiency of Nd and Gd

from a molten fluoride bath

The extraction efficiency can be predicted using the ther-

modynamic data in the Nernst equation (Eq. 3). E� and c
were determined previously in our laboratory [2]. The

activity of Ln in the surface compound when the current

begins to increase on the reactive electrode, aLn
Alloy; can be

calculated using the following equation:

aLn
Alloy ¼ exp �DE

nF

RT

� �
ð4Þ

where DE is the depolarisation defined above.

The extraction efficiency is called X,

X ¼ Ci � Cf

Ci

ð5Þ

where Cf and Ci are the final and initial Gd(III) concen-

trations (mol kg-1).

The final concentration is reached when the lanthanide

reduction potential is equal to the lithium reduction

potential (ER = ELi). According to Eqs. 2 and 3:

Fig. 1 Comparison of the cyclic voltammograms of the LiF–CaF2–

NdF3 (0.1 mol kg-1) system on tantalum, nickel and copper

electrodes at 100 mV s-1 and T = 840 �C. Aux. El.: vitreous carbon,

Quasi-reference El.: Pt
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Fig. 2 Comparison of the cyclic voltammograms of the LiF–CaF2–

GdF3 (0.1 mol kg-1) system on tantalum, nickel and copper

electrodes at 100 mV s-1 and T = 840 �C. Aux. El.: vitreous carbon;

Quasi-reference El.: Pt

Table 1 Depolarisation term DE for each system (Cu/Nd; Ni/Nd; Cu/

Gd; Ni/Gd) and the corresponding theoretical extraction efficiency for

the systems M/Ln (M = Cu, Ni; Ln = Nd, Gd)

System Cu/Nd Ni/Nd Cu/Gd Ni/Gd

Depolarisation term

DE (V)

0.341 0.477 0.281 0.518

X (%) 99.9999 100 99.9998 100
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af ¼ cLnIIICf ¼ aLn
Alloy exp ðELi � E�Þ 3F

RT

� �
ð6Þ

Results concerning the extraction efficiency are reported

in Table 1.

These results show that the use of a reactive electrode

enables complete extraction of the lanthanides from the

fluoride melts.

3.2.3 Gibbs energy calculation by open-circuit

chronopotentiometry

Open circuit chronopotentiometry allows all the com-

pounds of the binary Ln–M diagrams to be identified and

their Gibbs energy to be calculated. The method consists in

first electrodepositing a small quantity of Ln on the cathode

by a short cathodic run and then measuring the open circuit

potential of the cathode versus the time. The intermetallic

diffusion of Ln and M leads to the successive formation of

Ln/M compounds, with a decreasing Ln content, at the

surface of the cathodic material. The open circuit chrono-

potentiogram of Figs. 3 and 4 shows plateaux typical of

metallic interdiffusion yielding successive intermetallic

compounds at the surface of the electrode, as described and

explained [13–17] for other systems. Each potential plateau

of the chronopotentiogram is referred to the standard

potential of the Ln, making it possible to determine the emf

of the cell LnxM/LnyMm/LiF, CaF2, LnF3/Ln, which is

associated to the reaction:

LnxMþ ðy� xÞLnþ ðm� 1ÞM ¼ LnyMm ð7Þ

Note that we used the classic method of determination

of the thermodynamic properties of solid compounds [18].

We now examine the significance of each of the

potential plateaus and hence the expression for the asso-

ciated emf. The first plateau corresponds to the formation

of the compound with the highest Ln content in the binary

diagram Ln/M. The electrode reactions of the cell are:

Anode: Ln! Ln3þ þ 3e� ð8Þ

Cathode: Ln3þ þ 3e! Ln ð9Þ

Ln reacts with the subjacent substrate M:

Lnþ ðx� 1ÞLnþM! LnxM ð10Þ

So, the overall reaction is:

x LnþM! LnxM ð11Þ

The emf is

n ¼ RT

3F
ln a

eq
LnxM ð12Þ

Equation 12 allows the calculation of the activity of Ln

in LnxM and of the Gibbs energy of the compound, using

the Nernst equation:

DG ¼ �nFf ð13Þ

In the second plateau, the cathodic reactions involve the

surface reaction of Ln with the compound, which reacts

itself with the subjacent M:

Anode: (y� xÞ Ln! ðy� xÞLn3þ þ 3ðy� xÞe� ð14Þ

Cathode :ðy� xÞLn3þ þ 3ðy� xÞeþ LnxMþ ðm� 1ÞM
! LnxMm

ð15Þ

The emf is:

f ¼ RT

3ðy� xÞF ln
aeq

LnðLnyMmÞ

aeq

LnðLnxMÞ
ð16Þ

Accordingly, each potential plateau marks the

formation, at the cathode surface, of a new compound

with an increasing content of metal substrate M. It can be

identified by reference to the binary phase diagram Ln/M

and the cross section of the alloy layers was further

examined with SEM coupled to EDS analysis which
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Fig. 3 Open-circuit chronopotentiogram of the LiF–CaF2–NdF3

(0.1 mol kg-1) system on nickel and copper electrodes at

T = 840 �C. Aux. El.: vitreous carbon; Quasi-reference El.: Pt
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Fig. 4 Open-circuit chronopotentiogram of the LiF–CaF2–GdF3

(0.1 mol kg-1) system on nickel and copper electrodes at

T = 840 �C. Aux. El.: vitreous carbon; Quasi-reference El.: Pt
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checked the real existence of the compounds in the alloy

layer. For instance, Gd2Ni17 never was observed and

consequently was not taken into account in the following.

From equations equivalent to (16) and from each emf

plot of Figs. 3 (Ni/Nd and Cu/Nd) and 4 (Ni/Gd and Cu/

Gd), we calculated, plateau by plateau, the activities of Ln

in the successive solid phases and the Gibbs energy of each

intermetallic compound.

Tables 2, 3 and 4 gather the results for each interme-

tallic compound of the systems Nd/Ni, Nd/Cu, Gd/Ni and

Gd/Cu at 840 �C. Only data for Nd/Cu were available in

the SGTE database [19] for comparison with our values—

the agreement was satisfactory. The data from Tables 2, 3

and 4 were used for the potentiostatic electrolytic prepa-

ration of specific compositions of surface alloys.

3.2.4 Observation of the surface alloy layers

To obtain more information on the formation of the alloy

layers that will be involved in future extraction processes,

especially concerning their composition and growth rates,

we carried out a series of electrolysis runs at 840 �C with

different current densities and durations.

Below, we give typical examples for each system,

illustrated by SEMs of the cross sections of the layer and

EDS analysis: Nd–Cu (Fig. 5), Nd–Ni (Fig. 6), Gd–Cu

(Fig. 7), Gd–Ni (Fig. 8). We can observe the following

trends:

– At low current densities, only the compounds with a

low Ln content were obtained in a short time;

Table 2 Lanthanide activity at 840 �C in: Cu6Nd, Ni5Nd, Cu6Gd and

Ni5Gd

Compound Cu6Nd Ni5Nd Cu6Gd Ni5Gd

aLn
Alloy 2.3 9 10-5 3.3 9 10-7 1.5 9 10-4 9.0 9 10-8

Table 3 Gibbs energy of each compound of the systems M/Nd

(M = Cu, Ni), compared to the values calculated using SGTE data-

base [19] for Cu/Nd system

System Compound DG� (kJ mol-1)

present work

DG� (kJ mol-1)

(SGTE database) [19]

Cu/Nd Cu6Nd -280 ± 22 -313

Cu5Nd -258 ± 18 -269

Cu4Nd -234 ± 15 -225

Cu2Nd -134 ± 12 -134

CuNd -67 ± 8 -71

Ni/Nd Ni5Nd -363 ± 20 –

Ni7Nd2 -346 ± 18 –

Ni3Nd -310 ± 17 –

Ni2Nd -278 ± 14 –

NiNd -232 ± 14 –

Ni3Nd7 -194 ± 13 –

NiNd3 -142 ± 10 –

Table 4 Gibbs energy of each compound of the systems M/Gd

(M = Cu, Ni)

System Compound Gibbs energy DG�
(kJ mol-1) present work

Cu/Gd Cu6Gd -208 ± 17

Cu9Gd2 -141 ± 14

Cu2Gd -112 ± 12

CuGd -90 ± 8

Ni/Gd Ni5Gd -233 ± 20

Ni4Gd -231 ± 20

Ni7Gd2 -223 ± 18

Ni3Gd -213 ± 15

Ni2Gd -190 ± 13

NiGd -157 ± 12

Ni2Gd3 -146 ± 10

Fig. 5 SEM micrograph of a cross section of a copper plate after

reduction of NdF3 at 840 �C. a i = -47 mA cm-2, time = 3 min.

b i = -70 mA cm-2, time = 2 h
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increasing the current yielded more Ln-rich compounds

in the bulk of the layer; in some cases (e.g. Cu/Gd,

Fig. 7), strata of compounds are observed with increas-

ing Ln content going towards the electrolyte surface

while more generally the phases are distributed as

splashes within the layer with an increase in the

abundance of high Ln content splashes towards the

surface.

– At higher current densities more Ln-rich compounds

were observed: during the transient regime, Ln supply

is higher than removal through the formation of alloy.

Nevertheless, it is to be expected that long duration

electrolyses will lead to an overall lower Ln content of

the surface layer.

– For each condition, the compounds richest in Ln are in

the outer part of the sample (close to the surface),

which is coherent with the formation mechanism

proposed above (Sect. 3.2.3).

– The observed growth rate of the layer was high (several

hundred lm in 2 h), which is promising for the

extraction process; nevertheless, the process will be

significantly slowed down due the increasing saturation

effect of the intermetallic diffusion layer. To overcome

this serious limitation, we intend to pursue our studies

increasing the temperature of the process to yield liquid

compounds at the cathode, which would leave the

surface rapidly.

4 Concluding remarks

The removal of lanthanides from nuclear waste dissolved

in molten fluorides can be expected by electrodeposition on

reactive cathodes such as nickel or copper, in the form of

surface alloys formed with the substrate. Compared with

the use of inert cathodes yielding pure electrodeposited

metals, the characteristics offered by reactive cathode

materials are that the depolarization of the cathodic reac-

tion should lead to extraction rates of about 100% and that,

as the reaction product remains on the substrate as compact

Fig. 6 SEM micrograph of a cross section of a nickel sheet after

reduction of NdF3 at 840 �C. a i = -35 mA cm-2, time = 2 h.

b i = -55 mA cm-2, time = 30 min

Fig. 7 SEM micrograph of a cross section of a copper plate after

reduction of GdF3 at 840 �C. a i = -13 mA cm-2, time = 1 h.

b i = -32 mA cm-2, time = 2 h
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layers, the molten solution can be cleared of the extracted

elements.

We also noted that the growth of the surface alloys is

rapid, which is promising for further extraction processes.

The future task will be to improve the kinetic parameters

of the process in order to obtain extraction rates of 100% in

a short time; in particular increasing the temperature should

play a key role in enhancing intermetallic diffusion.

The cathode surface was rich in Ln(0). If the working

temperature is sufficient, these surface compounds can be

in liquid form and fall to the bottom of the crucible for easy

recovery. Moreover, as the reaction product continuously

leaves the surface of the cathode, the electrode surface is

constantly renewed avoiding the limitation of the kinetics

by saturation effects.
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